INTRODUCTION
Trabeculectomy has been widely applied as treatment for glaucoma since its introduction in 1968. 1 The aim of trabeculectomy is to lower intraocular pressure (IOP) in order to slow the progression of glaucomatous optic neuropathy and visual loss. 2, 3 The outcome of this surgery depends upon the formation of a functioning shunt to enable egress of aqueous from the eye, leading to the development of a filtration bleb. The development of the bleb is crucial for long-term surgical success, and is affected by wound healing characteristics of the eye. Scarring of structures at the trabeculectomy site including conjunctiva, episclera, scleral flap and ostium may lead to poor formation of the bleb and hence poor shunt function resulting in suboptimal IOP control.
Trabeculectomy blebs have been imaged using a range of imaging modalities in an effort to characterize bleb morphology in relation to function. Here we present a review of bleb imaging techniques and their potential uses in bleb morphology evaluation and classification.
RELEVANCE OF BLEB MORPHOLOGY Function
Bleb morphology after trabeculectomy is an important clinical parameter; a careful evaluation of bleb morphology in the early postoperative period may reveal features that predict functional outcome, i.e. success or failure. 4 Examples of blebs are shown in Figures 1A to D.
In an early study, Vesti classified blebs into three morphological types and found different rates of success. 5 Blebs were grouped into 'diffuse blebs', 'flap-sized blebs' and 'no bleb' groups, and success rates of 92%, 64% and 43% were found in each group respectively. It is interesting to note that in this report a successful outcome was found a significant number of eyes in which there was no bleb; it is possible that some of these blebs may have had a degree of bleb wall thickening that was too small to be appreciated clinically, and which may be more apparent using current imaging techniques as are described below.
Shingleton correlated morphological features found in blebs to the level of IOP. 6 In this study it was reported that bleb injection, large and ropelike vessels, thickening of the bleb wall, localized filtering blebs and high-domed blebs were early signs of failure. In contrast, diffuse blebs, paucity of vessels, a quiet surface, elevated blebs and microcystic changes in the conjunctiva were found to correlate with good IOP control.
Picht et al in 1997 evaluated five morphological features of blebs, including presence of microcysts, quantity of conjunctival vessels, shape of conjunctival vessels, presence of encapsulation and height of the bleb, to identify features that correlate with trabeculectomy success or failure. 7 They found that a higher quantity of microcysts, lower quantity of conjunctival vessels and cork screw vessels, lower prevalence of encapsulation and low bleb height correlated with a favorable outcome.
Early features of blebs have been described which have predictive value in terms of future functional outcome. Sacu et al in 2003 showed that classification of filtering blebs after trabeculectomy with MMC in the early postoperative period may help to disclose patients with an increased failure risk. 8 In this study, eyes with conjunctival subepithelial microcysts observed in the first 2 postoperative weeks had significantly lower mean IOP than eyes without. Eyes with corkscrew vessels in the first 2 weeks had poorer outcomes.
Complications
Bleb leak may lead to the development of postoperative hypotony. The use of antimetabolites such as mitomycin-C (MMC) has been associated with bleb leak. [9] [10] [11] [12] Hu et al reported that bleb leaks were more likely to be found in blebs with large avascular areas. 13 Thin walled blebs have also been found to be associated with bleb leakage. 14, 15 Bleb leakage has been found to be a risk factor for the development of blebitis and bleb-related endophthalmitis. [16] [17] [18] [19] [20] These complications could lead to a devastating outcome for the patient; evaluation of bleb morphology with regards to features that predict bleb leak may allow the clinician to anticipate these complications and manage the bleb accordingly.
Bleb Classification Systems
Early efforts at bleb classification featured inconsistent terminology and inexact assessments of the manifold aspects of bleb morphology. Early systems included those proposed by Kronfeld (1969) , Migdal and Hitchings (1983) and Picht and Grehn (1998) . 4, 21, 22 Subsequent bleb grading systems identified and incorporated a graded assessment of various bleb parameters such as vascularity, height, width, microcystic changes, encystment and diffuse/demarcated zones. 23, 24 The purpose of these systems is to enable a structured framework by which functional outcomes of trabeculectomy may be correlated to bleb structure.
The IBAGS used standards that consisted of slit lamp images for grades of bleb height (H0-H3), extent (E0-E3), vascularity (V0-V4) and leakage with the Siedel test (S0-S2). Each bleb was assigned a grade for each of the features assessed and was reported in the manner HxExVxSx. This system forced the observer to assign one vascularity grade for the whole bleb, when in fact clinicians may find that different areas within any given bleb have different vascularity characteristics.
Reference to photographic standards has been reported in an effort to assess if blebs could be evaluated by a remote observer using telemedicine. 25 In this study it was found that remote examination of photographs with telemedicine was limited with regards to the grading of bleb height, bleb wall thickness, microcysts and overall bleb morphology. In this respect, bleb imaging may be a valuable tool in documenting these characteristics that are difficult to evaluate in a consistent manner using clinical or photographic assessment.
The MBGS built upon the system used for this telemedicine study and expanded it to include an assessment of vascularity away from the center of the bleb and a way to represent mixedmorphology blebs. In this scheme, central area (1-5), maximal area (1-5), bleb height (1-4) and subconjunctival blood (0-1) were assessed. In addition, three areas of the bleb were graded separately for vascularity, including bleb center conjunctiva, peripheral conjunctiva and non-bleb conjunctiva. Vascularity in each area was assigned a score from 1 to 5.
A recent study found good inter-observer agreement and clinical reproducibility in the IBAGS and MBGS. 26 
Limitations of Bleb Classification Systems
These systems are limited, however, in that they do not include a direct assessment of bleb wall thickness, which may have implications for IOP control, bleb leak and bleb-related endophthalmitis. Assessment of bleb wall thickness is challenging both clinically and photographically and may be poorly reproducible between observers. It was reported that some MBGS graders were not able to distinguish between low, diffuse blebs and completely flat blebs on stereo or mono photographs. Diffuse blebs may have such small degrees of thickening of the conjunctiva or separation of the conjunctiva from sclera that are imperceptible on visual examination. Microcystic change of the conjunctiva is also not directly addressed in these studies, being not easily amenable to slit lamp photography. As clinicians are aware, microcysts in the bleb wall are an important indicator of aqueous flow through the bleb; ideally any bleb classification system should include an index to reflect microcystic change.
In these respects imaging may contribute valuable data in bleb characterization, as bleb imaging modalities are able to provide objective evaluation of microcystic change, bleb height and bleb wall thickening. In this way bleb imaging may be an important tool to complement the clinician's assessment of bleb structure.
Ultrasound Biomicroscopy
Ultrasound biomicroscopy (UBM) is able to provide images of the structures within a bleb. One study classified blebs after trabeculectomy with MMC based on qualitative UBM features, and found certain UBM features that were associated with IOP control. 27 In this study, four UBM parameters were assessed: intra-bleb reflectivity, visibility of the route under the scleral flap, formation of a cavernous fluid-filled space, and bleb height. The first two of these parameters were found to be associated with the degree of IOP control. Blebs were classified into type L (low-reflective), type H (high-reflective), type E (encapsulated), and type F (flattened). Type L blebs were associated with favorable outcomes, whereas types E and F were seen in cases with poor IOP control.
In another UBM study by MacWhae et al, bleb function was classified as 'good', 'fair' and 'poor' based on UBM findings of a patent filtration pathway from the anterior chamber through to the bleb and the presence or absence of a bleb cavity. Correlating this UBM classification with functional status, it was found that UBM findings had 91% sensitivity in predicting a functioning bleb and 70% specificity in predicting a nonfunctioning bleb. 28 It was found that UBM revealed ciliary body detachment in one eye with good IOP control despite the lack of a clinically apparent bleb. It was also suggested that UBM might assist in determining the site and cause of failed filtration in eyes with poor IOP control.
In one study UBM was used to evaluate blebs after laser suture lysis. 29 This study reached similar conclusions with other UBM studies, i.e. that UBM images of eyes with good IOP control were characterized by better visibility of the route under the scleral flap and a low reflectivity inside the bleb.
UBM imaging of trabeculectomy blebs is limited in that contact is required with the eye. This is undesirable in the postoperative setting, in which concerns of infection are paramount. In addition, UBM imaging may cause significant discomfort to patients due to the use of the eyecup in contact with the globe. In one study, a number of patients were excluded, as patients could not tolerate the discomfort associated with the use of the eyecup.
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Anterior Segment Optical Coherence Tomography
The principles of optical coherence tomography (OCT) and its application in imaging the anterior segment are well described. 30, 31 In the context of glaucoma, the anterior segment OCT (ASOCT) has been used in the assessment of the iridocorneal angle. 32 ASOCT imaging is faster than UBM and also eliminates the need for a water bath and eyecup in contact with the globe and is therefore a more comfortable procedure for the patient.
An early report by Savini et al described the use of standard posterior segment OCT in visualizing blebs. 33 Blebs were classified into categories according to OCT pattern: type A (featuring a thick wall and a single large fluid-filled space), type B (featuring a thin wall and multiple large fluid-filled spaces) and type C (featuring multiple, irregular and flattened fluidfilled spaces). Fluid-filled spaces were observed in most of the blebs with good IOP control. This study was also useful in showing the ability of OCT imaging to show distinct morphological features in eyes treated with MMC compared to those with no MMC application.
Muller et al in 2006 reported the use of slit-lamp adapted 1310 nm OCT as an in vivo imaging device for filtering blebs and deep sclerectomies in 28 patients. 34 OCT using this wavelength is suitable for anterior segment imaging. OCT was able to demonstrate the internal structure of the bleb and the deep sclerectomy site. Functioning blebs showed a low OCT signal, small fluid-filled cysts, superficial microcystic layer, and a slack internal texture. Nonfunctioning blebs delivered a high OCT signal, no or few cysts, and a dense internal texture. The authors suggested that high internal reflectivity indicated scarring of the bleb, and proposed OCT as a way to assess the postoperative healing process with the possibility of early intervention in cases of impending scarring. This study was followed by a number of reports of the use of ASOCT in imaging trabeculectomy blebs. Leung et al imaged 14 post-trabeculectomy eyes with ASOCT, describing the different OCT features of bleb morphology such as bleb wall thickness, subconjunctival fluid collections, suprascleral fluid space, scleral flap thickness, intrableb intensity and the route under the scleral flap. These features were correlated with bleb type classified by slit lamp appearance (diffuse, cystic, encapsulated and flattened). 35 Our group in 2007 reported a prospective study of ASOCT imaging of blebs in relation to function. 36 Seventy-eight blebs in 55 patients were imaged, and blebs were classified as successful or failed based on IOP criteria using 18 mmHg as a cutoff value. ASOCT was able to identify total bleb height, the bleb cavity, bleb wall thickness, tangential and radial dimensions of the bleb, scleral flap thickness and position, and patency of the internal keratotrabeculectomy ostium. Using ASOCT images, blebs were classified into high, moderate-height and low blebs based on semi-quantitative comparison to scleral thickness. ASOCT grading of bleb height correlated well with clinical grading of bleb height by a masked observer according to the MBGS scale.
In this study the majority of successful blebs displayed thickening of the bleb wall and were mostly high or moderateheight blebs. The term 'thickening' was used in reference to the linear dimension of height rather than to the intensity of OCT signal, which may indicate the density of tissue in the bleb wall. Microcysts were seen in a number of successful blebs. Failed blebs were mostly low and thickening of the bleb wall was typically absent. In most failed cases, ASOCT was able to suggest the structural cause of failure such as internal ostial occlusion, apposition of conjunctiva-episclera to sclera or apposition of the scleral flap to its bed.
Our study also correlated ASOCT findings to functional outcome by describing unique morphological features of successful and failed blebs. The findings of this study also suggested that ASOCT imaging of blebs may be used in conjunction with the MBGS to address the latter's limitations in grading bleb height, wall thickness and microcystic changes.
In a subsequent study we further described the use of ASOCT in characterizing the morphological change induced by laser suture lysis (LSL), finding features associated with success to be present after LSL was undertaken in failed blebs.
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In Vivo Confocal Microscopy
Labbé et al in 2005 reported a retrospective analysis of bleb structure at the tissue level using an in vivo confocal microscope (IVCM) in 17 eyes. 38 IVCM images were analyzed for the number of intraepithelial microcysts, density of subepithelial connective tissue, presence of blood vessels, and encapsulation. In this study all functioning blebs had numerous intraepithelial microcysts, whereas all nonfunctioning blebs had none or few. Subepithelial connective tissue was widely spaced in all functioning blebs but dense in most nonfunctioning blebs. This report was unique in providing images of blebs at the tissue level, and showed microcystic change more clearly than ASOCT imaging. IVCM may possibly be able to show the subtle effects of antimetabolites on tissue characteristics bleb structure and may be useful in assessing response to wound healing modulation in any given bleb.
Impression Cytology
In a further recent study by Amar et al, impression cytology was used in conjunction with IVCM to identify cellular characteristics that corresponded to IVCM appearance and bleb function. 39 Goblet cells were identified using mouse anti-M1 immunoglobulin G, recognizing products of the MUC5AC gene corresponding to soluble mucins of goblet cells. The authors found the presence of numerous goblet cells that showed weak or no MUC5AC immunostaining at the surface of the functioning blebs, as opposed to highly stained goblet cells outside the limit of the blebs. These cells seemed to correspond to the microcysts observed with in vivo confocal microscopy, and were observed only in very low numbers on the surface of nonfunctioning blebs. The authors suggest that the numerous goblet cells that corresponded to the microcysts observed with IVCM were probably channels for the passage of aqueous humor. It was hypothesized that these goblet cells mostly contained aqueous humor instead of gel-forming mucins, which are highly hydrophilic, and may in this way favor aqueous transconjunctival outflow. Eyes in which MMC were used differed from non-MMC eyes in that a higher number of inflammatory cells were found in the former.
Vascular Assessment of Blebs
Alsagoff and coworkers in 2001 described the use of indocyanine green (ICG) for angiography of the anterior segment to characterize conjunctival and episcleral vasculature changes in 10 blebs. 40 The study showed that with ICG, the anterior segment vessels and deep episcleral veins were well delineated and that there was reduced vascularity over the blebs along with vascular anastomoses along the perimeter of avascular blebs. The findings of report suggest that ICG angiography might be able to assess vascular changes after trabeculectomy more accurately than slit-lamp assessment. Angiography is an invasive procedure with a small but definite morbidity, and may not be practical in the routine assessment of patients after trabeculectomy. It may be useful, however, in the research setting in evaluating vascular responses to wound healing modulation or different surgical techniques.
Potential Role of Bleb Classification
Bleb imaging in relation to function is pertinent in assessing outcomes of surgery with the use of new adjuncts that have been reported such as human antibody to transforming growth factor b2, CAT-152. 41 It may also have a role in evaluating the filtration function of eyes treated with new surgical methods such as nonpenetrating sclerostomy. 42 The advent of adjuncts to modulate wound healing in trabeculectomy, and new surgical techniques to improve success, demands a comprehensive way of describing blebs in an effort to evaluate structural and functional outcomes of trabeculectomy surgery.
CONCLUSION
Blebs have been characterized using a variety of modalities including clinical and photographic assessment, UBM, OCT, IVCM, impression cytology, and ICG angiography. Clinical grading and ASOCT imaging may provide complementary information on gross structure and may, in combination, be able to characterize bleb height, extent, wall thickness and surface vascularity. IVCM may provide detailed information about microcystic changes and other tissue characteristics in the bleb, which are relevant to functional status. Cellular changes such as alteration in number and type of goblet cells may be evaluated using impression cytology. Finally, ICG angiography may be used to delineate vascular patterns in and around the bleb.
The complete characterization of any bleb involves the description and evaluation of a multitude of aspects including gross structure, microscopic structure, cellular changes and vascular alterations. A comprehensive classification system may involve the synthesis of data obtained by a combination of multiple imaging and assessment modalities in order to reach a complete and thorough characterization of blebs.
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